Abstract. The proinflammatory cytokine interleukin (IL)-17 plays important roles in various inflammatory diseases, and IL-17-producing T helper 17 cells (Th17) have received much attention. For therapy of Th17-mediated diseases, some reports have indicated the clinical efficacy of lactic acid bacteria, including Streptococcus thermophilus. In this study, we examined the mechanism for the suppressive effects of S. thermophilus ST28 on the Th17 response in murine splenocytes stimulated with transforming growth factor (TGF)-β plus IL-6. Stimulation with TGF-β plus IL-6 increased mRNA expression of IL-17 and its production in the splenocytes, but ST28 markedly suppressed both. Meanwhile, ST28 increased the mRNA expression of interferon (IFN)-γ as well as its production. Anti-IFN-γ completely cancelled the suppressive effect of ST28 on IL-17 production. From these data, it was concluded that IFN-γ induced by ST28 had an important role on the effect. A genomic DNA (10 µg/ml) from ST28 effectively suppressed IL-17 production, probably via the Toll-like receptor 9. Therefore, modulation of Th1/Th17 balance would be one of the mechanisms under which S. thermophilus ST28 exerts an anti-inflammatory effect.
Introduction
The beneficial effects of probiotics have been recognized for a long time (1) . Over the last decade, several studies have proven the preventive and curative features of these bacteria against some immune diseases. Bacterial constituents such as peptidoglycans, lipoteichoic acid (LTA) and bacterial DNA can modulate immune responses (2, 3) . Our group has also reported that LTA enforces the intestinal barrier function via Toll-like receptor (TLR)2 signaling (4, 5) . There is growing evidence to suggest that probiotic bacteria may have, in straindependent manner, a potential use as anti-inflammatory agents in some chronic inflammatory diseases such as inflammatory bowel disease (IBD) (6, 7) .
Recently, T helper 17 cells (Th17) have received considerable attention, because they produce a pleiotropic cytokine, interleukin (IL)-17, and exhibit effector functions distinct from other T cells (8) (9) (10) . Pathogens such as Klebsiella pneumoniae, Mycobacterium tuberculosis and Candida albicans can trigger a strong Th17 response (10) , and the primary function of Th17 is the clearance of pathogens. IL-17 also up-regulates expression of anti-microbial molecules such as β-defensins (9, 11) .
However, IL-17 is not always beneficial in protecting the host from bacterial infection. Indeed, IL-17 induces tissue inflammation potently and has been associated with the pathogenesis of many experimental autoimmune diseases and human inflammatory conditions (10) . For example, Th17 are related to IBD (12) , rheumatoid arthritis (13) and asthma (14) .
Interestingly, it was reported that colonization of mouse small intestine with a single commensal microbe, segmented filamentous bacterium, induces Th17 in the lamina propria (15) . At steady state, Th17 cells are abundant in small intestinal lamina propria, and it is of significance that intestinal commensal microbes can contribute to Th17-mediated mucosal protection (15) . However, the involvement of probiotics and/or starters of fermented foods in Th17-skewed conditions is still unclear.
Recently, we have found that heat-killed Bifidobacterium longum subsp. infantis JCM 1222 (type strain) suppresses IL-17 production both in murine splenocytes and colon organ culture (16) . The precise mechanisms for the suppressive effect have not been fully clarified. Compared to bifidobacteria, S. thermophilus is more frequently used as a yogurt starter, and we can easily consume it in our daily life. Here we report that, in a Th17-skewed condition, heat-killed S. thermophilus ST28 suppressed IL-17 production in murine splenocytes through induction of interferon (IFN)-γ and modulation of the balance between Th1 and Th17. IL-17 production in the splenocytes was also shown to be inhibited by a genomic DNA from ST28. Bacterial cultures. S. thermophilus ST28, which was isolated from raw cow's milk in Tochigi, Japan, and, B. longum GLC6 were obtained from a bacterial library (property of Glico Dairy Products, Japan). ST28 was cultured in MRS broth and cultures were incubated in M17 broth at 37˚C for 17-65 h. GLC6 was cultured in GAM broth and cultures were incubated at 37˚C for 18 h under anaerobic condition (AnaeroPack, Mitsubishi Gas Chemical, Tokyo, Japan). The bacterial cell suspensions were washed with distilled water, incubated at 100˚C for 50 min (16) and then lyophilized. Subsequently, heat-killed bacteria were added to the murine splenocyte as described below.
Materials and methods

Reagents
Murine splenocyte culture. Six-week-old female Balb/c mice were obtained from Charles River (kanagawa, Japan), and they were sacrificed by cervical dislocation. The spleen was removed, and splenocytes (1.2x10 6 cells) were incubated with 2 ng/ml TGF-β plus 20 ng/ml IL-6 at 37˚C for 72 h in 120 µl of RPMI-1640 medium supplemented with 10% FBS, 10 µM 2-mercaptoethanol, 10 mM HePeS, penicillin, and streptomycin in a 96-well cell culture plate (Thermo Fisher Scientific, Waltham, MA, USA). Heat-killed ST28 (1.2x10 6 cells) were added to the culture. A culture in which no TGF-β plus IL-6 or heat-killed bacterial cells were added was included as a control. The institutional guidelines for the care and use of animals were followed, and all animal experimental procedures were approved by Hiroshima University (no. D08-15).
mRNA expression analyses. After culturing, the plate was centrifuged and RNA was extracted from cells using TRIzol (Life Technologies). The reverse-transcription (RT) reaction was performed with the high-capacity cDNA reverse transcription kit (Life Technologies) at 25˚C for 10 min and at 37˚C for 120 min. The reaction was terminated by heating at 85˚C for 5 min followed by cooling at 4˚C. Real-time PCR was performed using the kAPA SyBR FAST ABI PRISM qPCR kit (kapa Biosystems, Woburn, MA, USA). Primers were designed using the Primer 3 plus program (18) . Primer sequences are shown in Table I . The reaction was performed at 95˚C for 2 min, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. The dissociation stage was analyzed at 95˚C for 15 sec, followed by 1 cycle of 60˚C for 15 sec and 95˚C for 15 sec. The fluorescence of the SyBR-Green dye was determined as a function of the PCR cycle number, giving the threshold cycle number at which amplification reached a significant threshold. Data were analyzed by the ΔΔCt method and presented as fold changes in gene expression from the non-stimulation level, after normalization to the β-actin gene.
Culture supernatants were assayed for IFN-γ concentration by sandwich eLISA (DuoSet, R&D Systems) according to the manufacturer's instructions (Fig. 1C) .
The effects of IFN-γ and TLR9 ligand on Th17 suppression.
To examine the roles of IFN-γ and IL-10 in the inhibition of IL-17 production, anti-IFN-γ (clone: XMG1.2, endogen, Cambridge, MA, USA) and anti-IL-10 (clone: JeS052A5, R&D Systems) antibodies were added to the previously described culture medium at a concentration of 10 µg/ml (Fig. 2) . After culturing, the plate was centrifuged and culture supernatants were assayed for IL-17 (IL-17A) concentration by sandwich eLISA (DuoSet, R&D Systems) according to the manufacturer's instructions. As necessary, splenocytes were stimulated with 2 ng/ml TGF-β plus 20 ng/ml IL-6 in the presence of 1 ng/ml IFN-γ (Fig. 2 ) or 1 or 10 µg/ml CpG oligonucleotide or PCSk (Fig. 4) , in the place of ST28.
Separately, genomic DNAs from ST28 and GLC6 were prepared based on the method of Luchansky et al (19) with some modifications. Briefly, bacterial cells were treated with 0.1 mg/ml mutanolysin (Sigma-Aldrich) in Te buffer (10 mM Tris-HCl, 1 mM eDTA, pH 8.0) for 1 h at 37˚C, and then with 0.5 g/ml lysozyme (Wako Pure Chemicals, Osaka, Japan) for 1 h at 37˚C. After centrifugation, the precipitated bacterial cells were incubated with 1.25% SDS in Te buffer containing Tween-20 (kanto Chemicals, Tokyo, Japan) overnight at 37˚C. The obtained DNA was recovered by the phenol-chloroform method. Splenocytes were stimulated with 2 ng/ml TGF-β plus 20 ng/ml IL-6 in the presence of this DNA (1 or 10 µg/ml) (Fig. 3) .
Statistical analysis. Statistical analysis was performed using one-way ANOVA followed by the Tukey's post-hoc test. both IL-17 and ROR-γt were up-regulated by stimulation with TGF-β plus IL-6, ST28 completely inhibited both expressions (Fig. 1A) . Simultaneously, the mRNA expression of IFN-γ and T-bet was induced by ST28 (Fig. 1B) . In addition, IFN-γ production in the stimulated splenocytes was strongly induced by ST28 (Fig. 1C) . It was revealed that ST28-induced Th1 cell development from naïve T cells. To clarify the correlation between Th1 induction and Th17 inhibition by ST28, we incubated splenocytes with ST28 under stimulation with TGF-β plus IL-6 in the presence or absence of anti-IFN-γ antibody to measure neutralization. As expected, anti-IFN-γ antibody completely cancelled the suppressive effect of ST28 ( Fig. 2A) . Instead of ST28, we incubated stimulated splenocytes with authentic IFN-γ. IFN-γ similarly suppressed IL-17 production in stimulated splenocytes ( Fig. 2A) , while the anti-IL-10 antibody failed to abolish this suppressive effect (Fig. 2B) . From this data, we conclude that Th1, but not regulatory T cells (Treg), antagonized Th17 in a Th17-skewed condition.
Results
S. thermophilus ST28 induces differentiation towards
ST28 genomic DNA suppresses IL-17 production.
To identify what kind of molecule in ST28 suppressed IL-17 production, the involvement of genomic DNA was assessed. ST28 genomic DNA, but not B. longum GLC6 genomic DNA, significantly suppressed IL-17 production in stimulated splenocytes (Fig. 3) . This data indicated that ST28 suppressed IL-17 production in a genomic sequence-dependent manner.
In general, microbial DNA is recognized by a patternrecognition receptor such as TLR9 (21) . To clarify the involvement of TLR9 in the suppression of IL-17 production, we incubated stimulated splenocytes with the CpG oligonucleotide (ODN 2006) (17) . PCSk, a TLR2 synthetic ligand, Figure 1 . effects of S. thermophilus ST28 on mRNA expression of Th17-and Th1-related genes and IFN-γ production in murine splenocytes. Splenocytes were stimulated with TGF-β plus IL-6 for 72 h at 37˚C in the presence or absence of ST28. After culturing, RNA was extracted from cells and the mRNA expression was examined by real-time RT-PCR (A and B). Data were analyzed by the ΔΔCt method and presented as the fold change in gene expression from the nonstimulation level, after normalization to the β-actin gene. Data are representative of one of three independent experiments. Separately, culture supernatants were harvested and assayed for IFN-γ concentration by sandwich eLISA (C).
was also evaluated for its suppressive activity. Since PCSk did not suppress IL-17 production in splenocytes, it was assumed that the TLR2 ligand in ST28 alone could not suppress IL-17 production in murine splenocytes. By contrast, ODN2006 significantly suppressed IL-17 production in splenocytes (Fig. 4) . Taken together with Fig. 3 , we concluded that one of the components in ST28 with Th17-suppressive activity was its genomic DNA.
Discussion
Classically, CD4
+ helper T cells are divided into two major subsets, Th1 induced by IL-12 and Th2 induced by IL-4 (8).
IFN-γ is the signature cytokine of Th1, and IL-4 and -5 are the defining cytokines of Th2. Th1 drives cell-mediated immune responses leading to tissue damage, whereas, Th2 drives certain antibody-mediated responses, particularly those that are involved in allergy dominated by Ige. However, several studies show contradictory features of IFN-γ. For example, administration of IFN-γ itself ameliorated paralysis in experimental allergic encephalomyelitis, while antibodies to IFN-γ exacerbated encephalomyelitis (22) . Afterwards, the novel subset Th17, distinct from Th1 and Th2, was identified and solved this contradiction. It is currently well established that Th17 has a great role in tissue inflammation (8) (9) (10) 23) . Also, the relationship between Th17 and commensal bacteria is now extensively studied in the aspect of immunomodulation (15, 24, 25) . Some probiotics are reported to be beneficial for IBD (6, 7) , one of the Th17-related diseases. However, the involvement of the probiotics in Th17-skewed conditions is still unclear.
Although recent studies suggest that Th1 and Th17 both govern inflammation (26, 27) , we clearly demonstrated in this study that S. thermophilus ST28 suppressed IL-17 production by Th17 in murine splenocytes by induction of inclined differentiation towards Th1 (Fig. 1B) . The differentiation towards Th1 by ST28 was supported by the up-regulation of T-bet (Fig. 1B) . More noteworthy are that the anti-IFN-γ antibody completely cancelled the suppressive effect of ST28 and that IFN-γ alone suppressed IL-17 production in stimulated splenocytes ( Fig. 2A) . Therefore, it is highly probable that, Th1 and Th17 are antagonistic towards each other and ST28 controls the balance of Th1/Th17, at least in a Th17-skewed condition. Interestingly, IFN-γ exerts a biphasic effect. For example, blocking IFN-γ at the early stages after immunization with type II collagen resulted in decreased anti-collagen antibody levels and severity of arthritis, whereas late treatment had aggravating effects and these effects were mirrored by IFN-γ treatment (28) . Furthermore, several recent studies have clearly demonstrated differential roles of Th1 and Th17 in tissue inflammation (29) . More detailed research is necessary to clarify the multiple roles of IFN-γ in inflammatory conditions. In order to induce differentiation towards Th1, phagocytosis of ST28 by antigen-presenting cells such as dendritic cells (DCs) in splenocytes and subsequent stimulation of DCs to induce IL-12 would be necessary. In this regard, ST28 might trigger stimulation of DCs in splenocytes effectively. At the substance level, genomic DNA of ST28 was found to possess IL-17 suppressive activity (Fig. 3) . Several studies showed that TLR9 signaling had an important role for modulating experimental allergic encephalomyelitis and colitis. It was reported that TLR9 ligands mediated the anti-inflammatory effects of probiotics in murine experimental colitis (30) . Since Th17 is deeply involved in these symptoms, we postulated that TLR9 ligands directly inhibit Th17 response. CpG oligonucleotide (ODN 2006) as a representative TLR9 ligand suppressed IL-17 production in splenocytes (Fig. 4A) . Generally, CpG oligonucleotide is an extremely potent stimulator of DCs and macrophages and causes the induction of Th1 response (31) . Taken together, it was suggested that ST28-induced Th1 response and suppressed IL-17 production via TLR9.
Clinical efficacy of probiotic bacteria in ulcerative colitis, a form of IBD, has been investigated in several studies, and formulations such as VSL#3 (Sigma-Tau Pharmaceuticals, Gaithersburg, MD, USA), Escherichia coli Nissle 1917 and L. rhamnosus GG have been studied extensively (32) . VSL#3 is a mixture containing S. thermophilus, four lactobacilli (L. plantarum, L. acidophilus, L. casei and L. delbrueckii subsp. bulgaricus) and three bifidobacteria (B. longum subsp. longum, B. longum subsp. infantis and B. breve). Multiple mechanisms of action have been suggested to explain the protective effects of VSL#3 in intestinal inflammation. Most recently, it was reported that VSL#3 stimulated, rather than suppressed, epithelial innate immune responses, i.e. increased production of epithelium-derived TNF-α (33). Our results could also be potentially important from a clinical point of view, since they present a novel anti-inflammatory mechanism of S. thermophilus, that is, suppression of Th17 by induction of IFN-γ. Indeed, a number of studies have shown that S. thermophilus promotes production of Th1-skewing cytokines such as IL-12 and IFN-γ (34). It is also interesting to assess whether IL-17 levels would decrease in convalescence tissue in patients administered S. thermophilus.
In conclusion, this is the first study to show that S. thermophilus ST28 suppressed IL-17 production in Th17 in murine splenocytes via controlling the balance of Th1/Th17. Since S. thermophilus has a long history of being safely consumed and a good starter for yogurt, its further application to the amelioration of Th17-mediated diseases such as IBD is expected to be beneficial. 
